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INTRODUCTION
Candida tanzawaensis Nakase and Itoh was isolated from mosses in 1966 from Mt. Tanzawa, Japan. Because Nakase had hoped to isolate a second strain eventually, he waited to describe the single strain until two decades later (Nakase et al. 1988) . Although species based on multiple strains are desired, species based on single strains have been justified in some cases (Kurtzman 2010) . More than another decade passed before six additional clade members were discovered and described from a variety of plant, mushroom and insect frass substrates; of these, only one species was based on more than a single strain (Kurtzman 2001) . Soon after, 16 additional species were described from Panama and the United States, all of which were associated with fungus-feeding beetles classified in 11 families (Suh, McHugh and Blackwell 2004a) . Nearly one-third of the 650 strains isolated by Suh, McHugh and Blackwell (2004a) were members of the C. tanzawaensis clade, and the number of close relatives continues to increase with new sequences accessioned in GenBank from reported associations with mushroom-feeding insects, plant substrates and the environment. Members of the clade are now placed in a new genus, Suhomyces (Figs. 1 and 2) (Kurtzman, Robnett and Blackwell 2016) . The type species, Suhomyces tanzawaensis, as it is now known, has never been isolated again. Kurtzman, Robnett and Blackwell (2016) placed 24 species of the expanding C. tanzawaensis clade in the new genus Suhomyces, and other undescribed strains are known from unpublished sequences accessioned in GenBank. The insect-associated habit and known distribution of many Suhomyces species suggest other questions: Why were these yeasts so poorly known for almost four decades?
As with many yeast species, asexual budding is a primary mode of reproduction in Suhomyces. Sexual reproduction has not been observed among Suhomyces species, which implies either they are unable to reproduce sexually or they may have some form of 'cryptic' sexual reproduction. Among Ascomycota, cryptic sexual reproduction is suggested by the presence of the mating type (MAT) loci as in several human pathogens such as Histoplasma capsulatum, Aspergillus fumigatus and Coccidioides species (Paoletti et al. 2005; Fraser et al. 2007) . In Saccharomycotina, the ascomycete subphylum to which Suhomyces belongs, the MAT locus is defined by a conserved gene synteny that contains transcription factor genes important for expressing mating typespecific genes, the α1 and α2 genes in the MAT α idiomorph for the α-mating type and the a1 gene in the MAT a idiomorph for the a-mating type (Pöggler 2011; Haber 2012) . Although the machinery for sexual reproduction may be present, some fungi become sexually cryptic due to the restriction of a need to find a sexual partner. This frequently occurs in fungi that have hostto-host transmission of clonal propagules as a dispersal mechanism (Taylor et al. 2015) . Despite numerous attempted mating tests among closely related Suhomyces species isolated from fungus-feeding insects, ascospore production has never been observed (Suh, McHugh and Blackwell 2004a; Kurtzman, Robnett and Blackwell 2016) ; Suhomyces tanzawaensis is known to have heterothallic MAT locus organization (Riley et al. 2016) , and this information was a starting point in this study to investigate the sex loci in other species of the genus.
Here, we review our knowledge of the genus Suhomyces. Against this background, we include information on new strains, phylogenetic and ancestral character state reconstruction and variation of the mating loci across the genus and its possible impact on speciation in Suhomyces.
MATERIALS AND METHODS

Insect collection
The insects examined in our ongoing study were collected from basidiocarps or at light traps during several expeditions to the Smithsonian Tropical Research Institute, Barro Colorado Island, Panama (July 2001 , July 2002 , June 2005 and to Thailand (August 2010) in several tropical forests mainly in the north and southwest of the country (Khlong Lan National Park, Ton Nam unit, Kamphaeng Phet Province; Wanalee Resort, Kamphaeng Phet Province; Khao Yai National Park, Nakhon Ratchasima Province only; and Kaeng Krachan National Park, Petchaburi Province). Numerous additional collections were made periodically in the United States (Louisiana, Georgia and other localities mostly between August 1998 and June 2006). Beetle collection and storage were performed following the protocols recommended by previous studies (Suh, McHugh and Blackwell 2004a; Suh et al. 2004b; Suh and Blackwell 2005; Suh, Nguyen and Blackwell 2006) . Beetle vouchers were accessioned in the University of Georgia Natural History Collections, Athens, Georgia, USA.
Isolation and characterization of yeasts from mushroom-feeding beetles
Axenic yeast strains from beetles collected in Panama and the USA were deposited in the USDA ARS Culture Collection (NRRL), Westerdijk Fungal Biodiversity Institute (CBS-KNAW) Collections, and the culture collection of the M.C. Aime Laboratory in the Department of Botany and Plant Pathology, Purdue University, West Lafayette, Indiana, USA; yeast cultures from beetles collected in Thailand are deposited at the National Center for Genetic Engineering and Biotechnology Culture Collection (BIOTEC), Pathum Thani, Thailand. Suhomyces strains used in this study for phylogenetic analyses and the mating type study are listed in Table 1 and Figs. 1 and 3B.
Molecular identification and phylogenetic studies
Total DNA from purified strains of Suhomyces species was extracted using the Wizard R Genomic DNA Purification Kit (Promega, Madison, WI, USA). The amplification of 5.8S rRNA genes and spacer regions [ITS1-5.8S-ITS2 (ITS)] was performed using the primer combinations ITS1 and ITS4 (White et al. 1990) . PCR protocols and thermocycler conditions used in this study followed previously published protocols (Suh, McHugh and Blackwell 2004a; Suh et al. 2004b; Suh, McHugh and Blackwell 2006; Urbina, Schuster and Blackwell 2013) . Purified PCR products were sequenced in both directions by GENEWIZ (South Plainfield, NJ, USA). Consensus sequences were obtained using Se-ALR v2.01a11 (available at http://tree. bio.ed.ac.uk/software/seal/). ITS sequences obtained in this study have been deposited in GenBank under the accession numbers (MH423903-MH423912).
Sequence alignments for strains were performed in MAFFT v7 (Katoh and Standley 2013) under different alignment strategies per locus recommended by Urbina and Blackwell (2012) . Alignment editing and trimming were done in MESQUITE v3.4 (Maddison and Maddison 2018) . Phylogenetic tree manipulation was performed in R using the package phyloseq (McMurdle and Holmes 2013) . Node support was determined by bootstrapping 1000 trees under the GTRGAMMA nucleotide model of evolution implemented in RAxML v8.2 software (Stamatakis 2014) . Sequences from 82 yeasts were used to acquire the ITS tree (Fig. 1) . Ancestral state reconstruction was performed using the R pack- BG10-6-10-04D-2-1 = BCC42140 MH423911 Thailand Nitidulid beetle Suhomyces sp.
BG10-6-10-04D-2-2 = BCC42141 MH423907 Thailand Nitidulid beetle Suhomyces sp.
BG10-6-10-09A-1-1 = BCC42149 MH423909 Thailand Scaphidiinae beetle Suhomyces sp.
BG10-6-10-09A-4-1 = BCC42150 MH423905 Thailand Scaphidiinae beetle Suhomyces sp. (Revell 2012) simulating stochastic characters in the ITS phylogeny using a continuous-time reversible Markov model for evolution of characters in 100 simulations (Bollback 2006) .
Characterization of the MAT locus in the Suhomyces yeast clade
Primer design
The genomes of the following species were used to design primers for the MAT locus: Suhomyces tanzawaensis (Riley et al. 2016) , Scheffersomyces stipitis (Jeffries et al. 2007) , Yamadazyma tenuis (Wohlbach et al. 2011) and Spathaspora passalidarum (Wohlbach et al. 2011) . These species were the most closely related of those with available data, and their MAT locus synteny is highly conserved (Riley et al. 2016 ). As we explored the MAT loci of several Suhomyces species, primers designed from highly conserved regions were needed. To achieve this, coding sequences of the following genes from the four yeast species were used in alignments: Amino acid/polyamine transporter I (GAP1), Phosphatidylinositol 4-kinase (PIK1) and Poly A polymerase (PAP1). The alignment of each gene was performed using the MUSCLE algorithm (Edgar 2004) in MEGA version 7.0.26 (Kumar, Stecher and Tamura 2016) . Next, we designed primers based on the following criteria: primer sequences were from the highly conserved regions across the four yeast species, degenerate bases (in case aligned bases were not consensus) were not allowed for more than two consecutive bases and for the last two 3'-end bases of the primers, the length of oligonucleotides ranged from 18 to 22 bases and the %GC content ranged from 35% to 65%. We used the OligoCalc tool from Northwestern University (http:// biotools.nubic.northwestern.edu/OligoCalc.html) to calculate %GC content, estimated melting temperature (T m ) and potential self-complementarity. The list of primers designed for this study is shown in Table 2 .
Long-range PCR and sequencing
We used a long-range PCR technique to amplify the Suhomyces MAT loci by using primers specific to flanking genes of the mating genes. Details of the MAT locus of S. tanzawaensis and the expected attachment sites of designed primers are depicted in Fig. 3A . As we examined the MAT loci of several species that do not have reference genomic data, there could be a huge variation both in sequential and syntenic aspects. Therefore, we tried using several primer combinations to capture the MAT loci. Each primer pair, used in the long-range PCR, provided an amplicon with an expected size no longer than eight kilobases (kb). To set up a reaction, the final DNA contraction of ca. 0.2 ng/μl from each Suhomyces strain was added into the DreamTaq PCR Mastermix (Thermo Scientific, Waltham, MA, USA) with a pair of primers. The thermal cycler settings varied based on the pair of primers used. Basically, every program started from 94
• C for 5 min (initial denaturation), amplification for 35 cycles and 72
• C for 8 min (final extension).
Detailed settings for each program are provided in Table 3 . The PCR products were run in 1% agarose gel electrophoresis to check the amplification results. As the expected sizes of amplicons were not exactly known, we allowed any non-specific amplification and included all amplicons generated from the long-range PCR into a sequencing step. All amplicons of each Suhomyces strain were pooled and sent to the Purdue Genomics Core Facility for the Illumina MiSeq sequencing. Briefly, libraries were constructed using Illumina NexteraXT (Illumina, San Diego, CA, USA) and sequenced with Illumina MiSeq 500 cycle kits. About 50,000-200,000 Illumina raw reads were generated from each sample. Adapter sequences and low-quality bases in the raw reads were trimmed using Cutadapt (Martin 2011) and/or Trimmomatic (Bolger, Lohse and Usadel 2014) . Finally, trimmed reads were used for de novo DNA assembly using SPAdes (Bankevich et al. 2012) . The DNA contigs larger than 1 kb were subjected to MAT locus analyses.
MAT locus analyses
After obtaining DNA assembly from the Illumina MiSeq sequencing, we determined which contigs contained component genes of the Suhomyces MAT locus. To achieve this, the following reference protein sequences of S. tanzawaensis were used as subject sequences: GAP1 (id: 45967), PIK1 (id: 3725), PAP (id: 87611), Homeobox α2 protein (id: 45507), Oxysterol-binding protein (OBP, id: 24507) and α1 protein (id: 19262). The onlineinterface tool Viroblast (Deng et al. 2007 ) was used for the BLAST analyses. The DNA assembly from each Suhomyces strain was used as a query to perform blastx against the reference protein sequences. Query DNA contigs having hits with the reference proteins were pulled out to inspect gene arrangement. The DNA sequences of MAT loci from this study were deposited in GenBank under accession numbers MH707261-MH707288. In case all query DNA contigs had no hit with any reference proteins, we assumed that the MAT locus of a particular strain was missing or completely dissociated.
The MAT loci gene arrangement of several Suhomyces were used to compare with each other by mapping the information to the previously reconstructed species phylogeny, as well as with other closely related species to Suhomyces. As the reference genomes of S. tanzawaensis, Y. tenuis and Spathaspora passalidarum are all only from the α mating type, we included the recent study on Metschnikowia (Lee, Hsiang and Lachance 2018) into the comparison as several strains of both mating types α and a were present in their work.
To determine possible alleles/idiomorphs of each gene in the MAT loci, query DNA contigs having hits to the genes of interest were used for open-reading frame (ORF) translation. We utilized the alignment from a previous blastx result to find the corrected ORF. Protein sequences predicted from the ORF translation, as well as other sequences from closely related species (Table 4) , were aligned using the MUSCLE algorithm in the MEGA program. The alignment of each gene in the MAT loci was used for phylogenetic reconstruction with the Neighbor-joining (NJ) method. We used the Dayhoff protein substitution model with the uniform rate of substitution along protein sequences. The resulting tree was rooted in accordance with the species tree topology from Fig. 1 . Unless the tree followed the species tree topology, the midpoint method was used for tree rooting. Finally, 1000-replicate bootstrapping was used to test the robustness of branching nodes.
RESULTS
Phylogeny
The phylogenetic tree (Fig. 1) was based on sequence analysis of Suhomyces spp. and related sequences obtained from analysis of ITS sequences obtained from yeasts isolated from the gut of mushroom-feeding beetles and comparative strains from GenBank (Table 1 ). The tree topology is similar to that found in previous analyses based on SSU and LSU rRNA gene sequences Blackwell 2004a, Yurkov et al. 2016; Kurtzman, Robnett and Blackwell 2016 ). The phylogeny shows 
. Candida rongomai-pounamu).
Most of the later diverging taxa of the clade were isolated from the gut of fungus-feeding beetles or basidiocarps. The ancestral state reconstructions based on ITS sequences correspond with these findings (Fig. 2) .
Suhomyces MAT locus analyses
Because the MAT locus is highly conserved among S. tanzawaensis and some of its relatives included in a genome study ( Fig. 3A; Riley et al. 2016), we explored the MAT loci of different Suhomyces strains by long-range PCR using the conserved primers attached to the MAT loci flanking genes. Then, we used high-throughput sequencing to assemble the amplified MAT loci. Five different gene arrangements of the MAT loci are discerned in this study ( Fig. 3B) . Ancestral state reconstruction was performed using the R package phytools (Revell 2012) simulating stochastic characters in the ITS phylogeny using a continuous-time reversible Markov model for evolution of characters in 100 simulations (Bollback 2006) . Bar indicates substitutions per site. See Table 1 for origin of strains from basidiocarp (red), insect gut (blue), insect surface (yellow), plant (white) and soil (gray). The early diverging strains are not closely associated with insects, but later clades usually are associated with basidiocarp-feeding insects or basidiocarps.
(3) MAT locus has a similar gene arrangement to the MAT a locus of Metschnikowia spp., except the left-border gene is MAS1 instead of GAP1 (Fig. 3A) . However, it is inconclusive if the mating factor genes a1 and a2 exist in the locus as our designed primer pair of PIK1 and Orf19.3202 failed to amplify the region of interest (data not shown). Finally, we found strains of S. choctaworum and S. emberorum that have two MAT haplotypes existing in the same genome. Intriguingly, there is no evidence for intraspecific variation of either the α1 or Homeobox α2 proteins in all Suhomyces species Figure 3. (A) , The MAT locus structure of S. tanzawaensis and most closely related species based on the study of Riley et al. (2016) and Lee et al. (2018) . Red arrows indicate the attachment sites of primers used in this study. Details of primers can be found in Table 2 examined, whereas interspecific variation is strongly correlated with species tree phylogeny (Fig. 4A) . Moreover, nucleotide blast results indicate that the DNA sequences of the type (1) MAT locus share more than 99% identity with those of other strains from the same species. Together, these results suggest that the majority of sampled Suhomyces strains possess a MAT α idiomorph.
We performed phylogenetic reconstruction of non-MAT gene components within the MAT locus (GAP1, OBP, PIK1 and PAP) to examine whether other types of MAT loci are a potential MAT a idiomorph or if these result from gene recombination/rearrangement. As is true with the mating gene phylogeny, the phylogenetic tree of GAP1 mirrors the species tree topology and no intraspecific variation is detected (Fig. 4B) . However, there are two distinct alleles of the PAP1 gene, one of which is only found in the type (1) MAT α locus and the other is only found in the types (3) and (4) MAT locus (Fig. 4C) . The phylogenetic reconstruction of OBP and PIK1 also reveals two distinct alleles (Fig. S1 , Supporting Information) the major allele is found in the type (1) full-length and the type (2) truncated MAT α locus, while the other allele is found only in the type (3) MAT locus. The PAP1 and OBP alleles of the types (1) and (2) are clustered with one idiomorph of Metschnikowia spp., and of the types (3) and (4) are clustered with the other idiomorph. Considering this, it is likely that the type (3) represents the Suhomyces MAT a locus and the type (4) represents the truncated MAT a locus.
DISCUSSION
Geographical distribution
Suhomyces spp. are common in the few widely spaced regions of the world where we have collected, and reports from environmental samples have added to the range. Species have been collected in association with fungus-feeding insects in Panama, the southeastern USA (Suh, McHugh and Blackwell 2004a) and Thailand (Table 1) . Only a few species from the gut of beetles occurred in both Thailand and the Western Hemisphere in our studies. Additional reports of newly described Suhomyces species include Candida rongomai − pounamu and S. canberraensis from New Zealand and Australia, respectively ( Table 1 ). The literature reports and GenBank accessions based on sequences have extended the range of Suhomyces species, especially in Europe, Africa and Asia (Table 1) . Some of our strains and others (e.g. Yurkov et al. 2016 ) are probably undescribed species. As mentioned already, Suhomyces tanzawaensis from Japan has never been recollected.
Organismal associations
Our early studies of the Suhomyces yeasts (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) were prompted by reports of ballistosporic yeasts from mushrooms (Prillinger et al. 1993) . The yeasts Prillinger et al. (1993) isolated from mushroom surfaces were basidiomycetes, but our attempts to discover disperser insects by dissecting the gut of fungus-feeding beetles, revealed few basidiomycetes, but rather a diverse group of ascomycete yeasts (Suh, McHugh and Blackwell 2004a; .
Although the beetles associated with Suhomyces spp. were more common in polypores (e.g. Ganoderma sp., Inonotus sp., Fomitella supina), some also were captured in agarics (Suh, McHugh and Blackwell 2004a) . The beetles feed and breed in basidiocarps where all life stages obtain nutrition and where eggs are laid. A few of the yeasts have some degree of specificity with beetles from certain basidiocarps. The most striking example of such a relationship is S. bolitotheri associated with Bolitotherus cornutus beetles in Ganoderma spp., although both the beetles and yeasts sometimes occur in other associations. As we have mentioned members of the clade also occur in association with plants and other substrates, but insect dispersers could have been involved in these situations (Kurtzman 2001; Chandler, Eisen and Kop 2012; Sylvester et al. 2015; Kurtzman, Robnett and Blackwell 2016) .
We have been most interested in Suhomyces strains associated with the gut of beetles (Coleoptera) in 12 families from which the majority of isolations have been made (e.g. Anthribidae, Carabidae, Ciidae, Colydiidae, Endomychidae, Erotylidae, Histeridae, Melandryidae, Nitidulidae, Scarabaeidae, Staphylinidae including Scaphidiinae and Tenebrionidae). More recently, new yeast strains from Thailand were isolated from wood-(Passalidae) and fungus-feeding beetles (Colydiidae, cylindrical bark beetles) as well as Ceraeochrysa lineaticornis (Neuroptera), mushroom-feeding drosophilids and plants, including cultivated maize isolated from the USA. Erotylid and tenebrionid beetles, however, remain the most common associates of the yeasts in all regions where they have been collected. Some of the Suhomyces-associated beetles have gastric caeca, out pockets of the midgut, (e.g. Anobiidae, Buprestidae, Cerambycidae, Cucujoidea, Erotylidae and Tenebrionidae), in which the yeasts are tightly packed (McHugh, Marshall and Fawcett 1997; unpublished observations) . The yeast cells are retained over long periods of time, and they may even survive molts in the growing insects (Engel and Moran 2013; Blackwell 2017a,b) . Although we have tried to exclude surface yeasts in our studies, it should be noted that some fungus-feeding beetles (Endomychidae, Erotylidae and Nitidulidae) also have exoskeletal cavities likened to mycangia, where fungal diaspores could be transported in nature (Grebennikov and Leschen 2010) . The beetles feed on fungi throughout their lives and eventually lay eggs in basidiocarps and other fungal structures. Parental care in some of the beetle species (Erotylidae) may facilitate transmission of the yeasts to different life stages of some beetle species (Suh, McHugh and Blackwell 2004a) .
Several observations indicate that some degree of specificity may exist between certain yeasts and insects. Examples include (i) attempts to transfer S. bolitotheri, normally associated with Bolitotherus spp., to the wood-feeding passalid beetle Odontotaenius disjunctus, normally associated with Scheffersomyces spp., were unsuccessful (Gross 2010) ; (ii) of the disperser insects in cactophilic habitats, only Drosophila spp. and nereid flies were effective in carrying only certain yeasts, a finding suggested to be linked to arrival order in a new substrate (Starmer et al. 1988) ; (iii) fitness of Drosophila spp. may be dependent on certain food yeast species (e.g. Anagnostou, Dorsch and Rohlfs 2010); (iv) perhaps most important, greater substrate specificity has been noted for yeasts associated with fungusfeeding Drosophila spp. compared to Drosophila spp. that use nutritional resources other than fungi (Chandler, Eisen and Kop 2012) and (v) in Panama and the southeastern USA, Teunomyces spp. were isolated mostly from agaric-associated nitidulid beetles, especially Pallodes spp., with a wide range in the Western Hemisphere. Teunomyces spp. were never isolated from beetles in the same basidiocarp as Suhomyces spp. although occasionally their insect dispersers were reported from common fungal species. In contrast to beetles associated with Suhomyces species that were isolated primarily from polypores, nitidulid beetles were more often found in agarics (Suh, Nguyen and Blackwell 2006; Kurtzman, Robnett and Blackwell 2016; Blackwell 2017a,b) . Specificity between certain yeasts and insects in basidiocarp substrates is probably due to a complex mixture of insect morphology and behavior, the nutritional quality of the basidiocarp and yeast physiology in order for the insect to use a basidiocarp substrate. In fact, gut yeast communities have been suggested generally as drivers of Drosophila radiations (Broderick and Lemaitre 2012) . Blackwell (2009, 2012) compared several Suhomyces species to xylose-fermenting yeasts and detected two of the genes necessary for xylose fermentation: xylitol dehydrogenase (XYL2) and xylulose kinase (XYL3) but not xylose reductase (XYL1). These observations led to a suggestion that the Suhomyces tanzawaensis clade ancestor capable of assimilating xylose could escape competition from the many organisms in wood to the fungi growing on wood. In fact, the early diverging Suhomyces species are not often isolated from the gut of beetles, and some are associated with plants.
Species richness of Suhomyces has increased despite limited exploration. Taxa have been discovered in association with other insects in basidiocarp habitats and other habitats not known to have an insect and basidiocarp connection (Chandler, Eisen and Kop 2012; Sylvester et al. 2015; Kurtzman, Robnett and Blackwell 2016; Yurkov et al. 2016) . It is clear at this time, however, that rather than look for a needle in a haystack, the most likely place to isolate a species of Suhomyces is in associations with fungus-feeding insects and basidiocarps. Additional sampling should determine the amount of substrate diversity among the species, as well as determine if the biogeographical distributions of Suhomyces species are limited due to the distribution of beetle vectors, as previously shown in superficial yeast communities on beetles associated with ephemeral flowers (Lachance et al. 2001) .
Physiology
The standard fermentation and growth tests for strain characterization (Kurtzman et al. 2011) did not distinguish clade members from other yeasts associated with insects. Most of the Suhomyces strains tested have similar physiological profiles, but a few trends are noticed. Most strains ferment glucose and trehalose but usually not sucrose, maltose and lactose. Most of the hexoses, pentoses, disaccharides, sugar alcohols and organic acids commonly used in yeast taxonomy are assimilated, but no growth occurs on methanol or nitrate as a sole source of nitrogen (Suh, McHugh and Blackwell 2004a; Kurtzman et al. 2011; Kurtzman, Robnett and Blackwell 2016) . Several traits distinguish the early diverging strains (Figs. 1 and 2) from those typically associated with insects: S. prunicola, S. pyralidae, S. xylopsoci and S. kilbournensis do not assimilate maltose, melezitose and methyl α-d-glucoside, and S. prunicola and S. pyralidae fail to assimilate cellobiose and salicin.
As we discussed above most of the Suhomyces species studied assimilate D-xylose, and when they were compared to xylosefermenting yeasts (Scheffersomyces stipitis, Spathaspora passalidarum) two of three genes necessary for xylose fermentation: xylitol dehydrogenase (XYL2) and xylulose kinase (XYL3) were detected, but not the functional xylose reductase gene (XYL1) Blackwell, 2009, 2012) . Genomic data have already helped to interpret the results of physiological tests that may be variable among closely related strains. In the future genomic data should help to pinpoint the substrate ranges usable by Suhomyces spp. and elucidate phylogenetic data.
MAT loci
Genomic data have been essential for examination of the mating system of yeast species. Within the framework of the bipolar mating system in Saccharomycotina, most strains of Suhomyces from our study have the MAT α idiomorph, without any intraspecific variation at the protein sequence level of the mating genes α1 and α2. Although we did not detect the mating genes a1 or a2, the gene arrangement and phylogeny of the component genes in the MAT loci PAP1 and OBP, is reminiscent of Metschnikowia (Lee, Hsiang and Lachance 2018) , which suggests that the type (3) MAT of Suhomyces represents the MAT a idiomorph. Although the strains of both mating types likely exist throughout its natural distribution, the strong association with mushroom-feeding beetles may restrict sexual reproduction in some Suhomyces species by limiting opportunity to find a mating-type compatible partner (Taylor et al. 2015) . More of the earlier diverging species especially need to be examined.
As PAP1, OBP and PIK1 are conserved syntenic components of the MAT idiomorphs in Suhomyces, Metschnikowia and closely related species (Riley et al. 2016; Lee, Hsiang and Lachance 2018) , loss of gene synteny is indicated as a sign of MAT locus disintegration. Our phylogenetic analyses suggest the type (2) results from the truncation of the type (1) MAT α locus, the type (4) results from the truncation of the type (3) hypothetical MAT a locus. Finally, the MAT locus is undetected in several Suhomyces strains, suggesting an extreme stage of MAT locus disintegration. Although a common mechanism for MAT locus disintegration remains enigmatic, we propose a model in Fig. 4D .
It is intriguing that distinct patterns of MAT locus dissociation are repeatedly found across different very closely related species. Repeated patterns of MAT locus rearrangement were previously reported in Saccharomyces cerevisiae and other yeasts that exhibit mating-type switching (Hanson, Byrne and Wolfe 2014) . In addition, the repeated loss of the mating gene MAT 1-2-1 from the MAT locus has been found in the filamentous fungus Ceratocystis fimbriata as a mechanism to transform selffertile strains to self-sterile (Wilken et al. 2014) . However, the MAT locus organization in Suhomyces seems to be unique. First, if Suhomyces has mating type switching, any duplicates of MAT locus or mating genes should be found in the genome. However, the genomes of S. tanzawaensis and related species reveal that there is only a single copy of the MAT locus in each (Riley et al. 2016) . It has to be noted that a couple of strains from S. emberorum and S. choctaworum possess two MAT locus haplotypes (Fig. 3B ), but these are likely to be a case of either diploidy or hybrid strains. Furthermore, the case of C. fimbriata shows the loss of the single mating gene MAT 1-2-1, but the other mating genes MAT 1-1-1 and MAT 1-1-2 are still retained in the MAT locus (Wilken et al. 2014) . Meanwhile, gene loss in Suhomyces is not limited to mating genes, but also to the loss of other gene components (like OBP and PIK1) in truncated MAT loci (Fig. 3B) .
In contrast to other fungi that are known to undergo 'cryptic' sex (e.g. Hull and Johnson 1999; Fraser et al. 2007) , the repeated MAT locus disintegration in Suhomyces can facilitate an irreversible loss of the mating system for these fungi, transforming them to predominantly or exclusively clonal lineages. Evidence of clonal growth first came from unsuccessful in vitro compatibility tests of all species for which we had multiple or closely related strains (Suh, McHugh and Blackwell 2004a) . Strains of S. emberorum and S. choctaworum, which have two MAT haplotypes in their genomes, may indicate the existence of yeast conjugation. However, many other strains from different species have lost MAT locus integrity, which would render them unable to mate in nature. The loss of the conserved MAT locus may also be a consequence of Suhomyces life strategy that becomes strongly insect-associated. A recent study of Metschnikowia has shown that the MAT locus is intact in all examined strains (Lee, Hsiang and Lachance 2018) . As the genus is found in several types of habitats (Lachance 2011) , sexuality is crucial for generating genetic variation to cope with a dynamic environment (Nieuwenhuis and James 2016). Meanwhile, a potentially mutualistic association with beetle guts in most Suhomyces species provides a homogenous habitat where clonal propagation is advantageous (Nobre, Rouland-Lefèvre and Aanen 2011; Hodgson et al. 2014 ). This was also previously shown in, for example, obligate yeastlike symbionts (YLS), relatives of deadly insect pathogens in Ophiocordycipitaceae that reproduce asexually in plant hopper guts (Blackwell 2017b) . Combined with the difficulty of finding a mating partner in nature, stable clonal populations can hypothetically excise the mating machinery from their genomes without high costs to fitness.
